Objective: To evaluate a modified technique for carotid body tumor (CBT) resection. Background: Resection of CBT can lead to substantial postoperative morbidity because of a rich vascularization and close connection to neurovascular structures. The impact of a modified surgical technique on postoperative outcome was evaluated and compared with a historical group and the literature. Methods: Medical records of patients who underwent CBT surgery at Leiden University Medical Center between 1963 and 2005 were retrospectively reviewed. Before 1992, a standard approach was conducted. After 1992, most tumors were resected using an alternative technique, working in a craniocaudal fashion from skull base to carotid bifurcation. Data were reported as details of the pre, intra-, and postoperative periods. Results: A total of 111 CBT resections (69 standard, 42 craniocaudal) were performed in 94 patients (44 male/50 female, mean age 41). The standard group consisted of 39 Shamblin I (56%), 22 II (32%), and 8 III (12%) tumors. The craniocaudally approached CBT included 12 Shamblin I (29%), 13 II (31%), and 17 III (40%) tumors. The mean blood loss was 901 mL (standard operations) versus 281 mL (craniocaudal approach, P Ͻ 0.0005). Persistent cranial nerve damage was encountered after 26 (23%) of 111 operations; 21 after the standard operations (30% within this group, including 3 preexistent nonresolved cranial nerve deficits); and 5 (12%, including 2 due to additional vagal body resections) after the craniocaudal operations (P ϭ 0.025).
C arotid body tumors (CBT) are neoplasms arising from paraganglionic tissue at the bifurcation of the common carotid artery. The aim of the surgical management is the complete removal of CBT at an early stage to prevent further growth with the risk of local involvement of adjacent neurovascular structures. Resection of the CBT at an early stage reduces the chance of intraoperative blood loss and surgeryinduced morbidity. Control of the internal and external carotid arteries and the smaller supplying vessels is imperative to facilitate a dry operation field. The dissection along the relatively avascular plane should furthermore result in preservation of neurologic structures. 1 In the past, resection of CBT has lead to profound neurologic complications and high rates of stroke and even mortality. 2 Since the late 1980s, common practice has been devascularization of the CBT by ligation of feeder branches from the external carotid artery while the dissection of the CBT is begun at the carotid bifurcation and continued in a caudal-cranial fashion. This trend has led to a decrease in mortality and stroke rates. 3 However, despite this advanced surgical technique and the introduction of sensitive imaging modalities, considerable rates of peripheral neurologic complications are still reported. 1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Alternatively, the dissection of the tumor can be started cranially, after the course of the distal ascending pharyngeal artery, which is suggested as the tumor's main proximal blood supply. 19 This artery generally originates dorsally in the external carotid artery. Cranial-dorsally from the CBT, this artery loops and feeds the CBT from its cranial side. The modified approach furthermore facilitates early proximal control over the majority of adjacent nerves in dissection zone III (Fig. 1A) , 3 which is of great advantage in the event of increasing blood loss later in the operation. This technique has not been previously reported.
The present study aims to evaluate the surgical management of CBT through a retrospective analysis. The modified, craniocaudal dissection route and overall experience with CBT surgery are described. The complication rate of the novel craniocaudal technique is compared with the standard method as a historical control and the contemporary literature. were reviewed. Data were studied and reported as details of the pre, intra-, or postoperative periods. A subdivision was made between standard and craniocaudally dissected tumors. There was no standardized protocol for preoperative imaging of CBT. In general, a computed tomography angiography was preferred and, from 1990 onward, magnetic resonance imaging. None of the patients were treated with preoperative embolization.
All patients received heparin to facilitate efficient cerebral blood flow in the case of clamping of the internal carotid artery. All tumors were intraoperatively classified according to the Shamblin 2 classification. Shamblin I tumors are small, localized tumors. Shamblin II tumors approach surrounding vessels or partly enclose them. Shamblin III tumors are large tumors and fully enclose adjacent vessels. 2 Tumors were furthermore subdivided into categories "A," "B," and "C" to indicate adhesion to the internal (A), the external (B), or both (C) carotid arteries.
Family members of CBT patients at our institution underwent a thorough medical history and, if appropriate, duplex imaging. Patients with familial occurrences of CBT were considered as having hereditary CBT. Furthermore, all CBT patients underwent screening for multiple tumors.
One patient with a Shamblin II tumor with 2 previous operations in the carotid region was initially treated with radiotherapy without success. This patient underwent surgery at a later stage and is therefore included in this study.
The follow-up consisted of regular check-ups with physical examination and later using duplex imaging and/or magnetic resonance imaging with special attention for recurrences or metastases.
All patients with postoperative complaints from possible neurologic origin (eg, having difficulties swallowing, hoarseness, and problems with chewing) were referred to an ear, nose, and throat specialist for neurologic examination.
Furthermore, the results of these series were compared with other contemporary series describing at least 10 surgically treated CBT.
Surgical Craniocaudal Technique
A cervical incision is made along the medial border of the sternocleidomastoid muscle. The platysma muscle is divided and the internal jugular vein is identified. After ligation of the facial vein, the internal jugular vein is lateralized and the carotid sheath is opened. The hypoglossal ansa and the vagal nerve are identified and separated from the common carotid artery. The hypoglossal ansa is transected if it facilitates better visualization.
The vascular sheath is opened cranially over the carotid bifurcation and the CBT towards the digastric muscle. The vagal nerve and hypoglossal nerve are separated from the tumor surface; this step must be postponed if these nerves are encompassed by the tumor. Sometimes, the digastric muscle must be divided for better exposure. In these cases, the dissection is carried out more cranially while the accessory nerve and glossopharyngeal nerve are identified. Again, involvement of both nerves in the CBT is ruled out or separation from the tumor surface is further postponed (for normal anatomic relationships refer to Fig. 1A ).
At this point, freeing of the internal and external carotid artery is complete, and both vessels are controlled with vessel loops. Side branches of the external carotid artery, such as the superior thyroid artery, are identified and controlled, whereas small feeder vessels to the CBT are ligated.
The complex of carotid bifurcation and CBT is then ventrally dissected off the hypopharyngeal area, and the superior laryngeal nerve is identified. Incidentally, this nerve can be dissected in a craniocaudal fashion after it is identified behind the superior thyroid artery, with which it shares part of its course.
By dissecting the tissue between the external and internal carotid artery at the cranial end of the tumor, prominent vessels feeding the CBT (like the ascending pharyngeal artery in most cases 19 ) become visible (Fig. 1B) . Continuous visual control of the adjacent nerves is vital at this stage. Ligation of the cranial strand with the feeding vessels results in a reduction of the tension and size of the tumor within a few minutes.
When the CBT is dissected from all adjacent structures and the main blood supply is controlled, the fate of all the nerves that cross the tumor should be determined. Sacrificing nerves that cross the tumor may be inevitable. Next, the tumor can be dissected from both carotid vessels in a craniocaudal direction (Fig. 1C,D) . The best starting point for the dissection lies at the subadventitial plane of the artery that is not surrounded by glomeral tissue. In Shamblin III tumors, the best plane of dissection can be found on the dorsolateral aspect of the internal carotid artery or on the ventrolateral aspect of the external carotid artery. More caudally, the actual tumor is dissected through the subadventital plane (as described by Gordon-Taylor 20 ) or through the periadventitial plane between the tumor and the carotid artery. Although the main blood supply of the tumor is ligated and the dissection is conducted through a relative avascular plane, occasional bleeding can be controlled by bipolar cautery.
Finally, dissection is continued into the carotid bifurcation, which facilitates the lifting of the tumor off its dorsal attachment site. During this maneuver, it is imperative again 
Statistics
Analysis of variance was used to evaluate the outcomes of both surgical approaches (standard and craniocaudal), with the approach being the independent variable, and the intraoperative blood loss being the dependent variable. A logarithmic transformation of the blood loss was conducted to assure a normal distribution within the groups. The Pearson 2 test was used to compare categorical variables.
A logistic regression model was designed to investigate the influences of surgical approach and Shamblin class on the development of persistent postoperative cranial nerve damage. P values were considered significant if less than 0.05.
RESULTS
Preoperative characteristics are shown in Table 1 . Median age was 43 years (range 17 to 75, mean age was 41). There were 50 female and 44 male patients. In most patients, the presenting symptom was a growing lateral mass in the neck (n ϭ 78, 70%). Another predominant sign was dizziness (n ϭ 11, 10%), while hoarseness, tinnitus, palpitations, dysphagia, and heavy perspiration were other, less reported accessory complaints.
In these series, a relatively large number of hereditary cases (n ϭ 71, 64%) was seen, predominantly bilateral CBT. Within the hereditary group, 52 of 71 (73%) tumors were part of bilateral CBT. Hereditary tumors represented 76% of all bilateral tumors.
Preoperatively, 7 tumors caused compression and complaints of the facial nerve (VII, n ϭ 1), the glossopharyngeal nerve (IX, n ϭ 1), the vagal nerve (X, n ϭ 1), the recurrent laryngeal nerve (X, n ϭ 3), the hypoglossal nerve (XII, n ϭ 1), and a sympathetic branch (n ϭ 2). No patients had metastatic disease preoperatively.
In Table 2 , intraoperative characteristics are shown. The number of Shamblin III tumors (n ϭ 17, 40%) in the craniocaudally operated group was significantly higher than the number in the standard group (n ϭ 8, 12%, P Ͻ 0.0005, Pearson 2 , Fig. 2A ). The overall mean intraoperative blood loss was nevertheless significantly lower in the craniocaudally approached group (281 Ϯ 45 mL vs. 901 Ϯ 203 mL, respectively, P Ͻ 0.0005, analysis of variance, Fig. 2B ).
In the standard group, 13 CBT were part of a multifocal pattern of paraganglioma (9 vagal body tumors, 4 jugular body tumors) as opposed to 4 vagal body tumors and 3 I -A  ------I -B  ------I-C  51  46  39  57  12  29  II-A  2  2  2  3  --II-B  8  7  7  10  1  2  II-C  25  23  13  19  12  29  III-A  4  4  1  1  3  7  III-B  16  14  5  7  11  26  III-C  5  5  2  3  3  7  Total  111  100  69  100  42  100 Classification according to Shamblin classification, 2 and furthermore subdivided to describe involvement of the internal (A), external (B) or both (C) carotid arteries. Percentages are calculated within groups (Standard/Craniocaudal operations). No metastases were found during the operation. Temporary clamping of the internal carotid artery was needed during 15 operations, of which 8 were in the standard group and 7 in the craniocaudally approached group. In the standard group, attachment to the internal carotid artery necessitated a reimplantation (n ϭ 1), bypass grafting (n ϭ 1), and ligation (n ϭ 1). In the craniocaudally approached group, only a reimplantation was necessary once.
In the standard group, CBT removals primarily lead to temporary nerve paresis in 11 patients (15.9%); paresis of the recurrent laryngeal nerve (X, n ϭ 5) was most frequent. In the craniocaudally approached group, there were 6 temporary nerve injuries (14.2%); mostly the hypoglossal nerve (XII, n ϭ 3) ( Table 3 ). All 17 temporary pareses recovered spontaneously within 1 month.
In the standard group, 18 CBT removals (26.0%) led to newly developed persistent cranial nerve damage. Three additional cases of persistent cranial nerve damage were already present before the operations and did not resolve, leading to a total of 21 cases (30.4%) of persistent cranial nerve damage. The hypoglossal nerve (VII) seemed to be most vulnerable (n ϭ 10), followed by the vagal nerve (X, n ϭ 9). In the craniocaudally approached group, there was a total of 5 patients with postoperative persistent cranial nerve damage (11.9%) of recurrent laryngeal (X, n ϭ 1), accessorial (XI, n ϭ 2), hypoglossal (XII, n ϭ 1), and sympathetic (n ϭ 1) nerves. During 2 craniocaudal operations, an additional vagal body tumor was removed, causing inevitable loss of the vagal nerve (X), whereas no other neurologic damage was observed postoperatively (Tables 3 and 4) . Thus, the rate of persistent cranial nerve damage solely caused by craniocaudal CBT removal was 7.1% (n ϭ 3, Fig. 2C) .
The difference in postoperative persistent cranial nerve damage was significant (n ϭ 21 vs. n ϭ 5, P ϭ 0.025, Pearson 2 ). According to the logistic regression model, the surgical approach proved to significantly influence the postoperative development of persistent cranial nerve damage (the craniocaudal approach significantly decreased the odds ratio for the postoperative development of persistent cranial nerve damage; P ϭ 0.034), whereas the Shamblin class was a nonsignificant predictor (P ϭ 0.401).
Two patients, both operated on after the craniocaudal approach, developed metastases during follow-up. None of the patients described in the present series suffered stroke or died within 30 days of the operations. During histologic examination, 4 excised CBT (2 in both groups) showed cell characteristics different from the Zellbalen pattern normally seen in glomic CND includes damage caused by additional tumor dissections during the same procedure and nonresolved preoperative damage.
CND indicates persistent cranial nerve damage. 21 One of these tumors, dissected after the craniocaudal approach, showed metastatic disease in 1 excised lymph node and was therefore considered malignant. This patient had no further metastatic disease 4 years postoperatively.
Annals of Surgery
• Volume 247, Number 5, May 2008 Carotid Body Tumor Surgery tissue.
DISCUSSION
Historically, dissection of the CBT from the carotid bifurcation in the direction of the skull base to free the CBT from its adjacent vascular structures has been recommended. 3 In the present study, an alternative approach is used where the origin of the adjacent nerves is identified and the main blood supply of the tumor (located at its cranial side) is strangulated before the dissection of the tumor from the carotid vessels in a cranial-caudal direction.
The mean blood loss was significantly lower in patients operated on with the craniocaudal approach compared with standard operations, even though the former group consisted of significantly more challenging Shamblin III tumors. After 26 operations (21 performed in the standard group and 5 in the cranially approached group, P ϭ 0.025), patients developed persistent cranial nerve dysfunction. The hypoglossal nerve (XII) and the vagal nerve (X) proved to be most vulnerable. In total, 18 recurrences were detected, of which 7 were in the craniocaudal group.
The difference in blood loss between the 2 groups proved to be highly significant and the craniocaudal approach led to a significant decrease in odds ratio for the postoperative development of cranial nerve damage. The limited blood loss, achieved when applying the craniocaudal approach, might be caused by the early ligation of the tumor's main blood supply, thereby facilitating a clear field of operation and an easier recognition or preservation of neurologic structures. However, the comparison is based on a historical control and therefore these benefits cannot be attributed solely to the operative technique. Next to the growing experience with the surgical management of CBT over time, diagnostic imaging has improved. Since most of the craniocaudal operations were performed more recently, a proper comparison of the 2 groups is not possible. Nevertheless, the mean blood loss in the craniocaudal group (281 mL) also compares favorable to the contemporary literature, where the overall mean blood loss equals 682 mL (Table 5) . 1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [21] [22] [23] [24] [25] The presently reported percentage of persistent cranial nerve damage in the standard group was 26.0 and this is Recurrences were equally distributed in both patient groups. In the craniocaudally approached group, recurrences mainly developed after Shamblin III operations. Besides the higher risk of damaging neurovascular structures, it appears difficult to achieve total removal of tumor tissue when dissecting Shamblin III tumors.
Preoperative embolization, which is a preferred pretreatment of CBT at several institutions, could lower tumor blood flow and decrease tumor size, but is also time-consuming and could lead to devastating effects in case of distal migration of the embolization medium. 1, 7, 11, 26, 27 Regarding the fact that hemostasis and a low intraoperative blood loss are effectively achieved when applying the craniocaudal approach, embolization is not part of CBT treatment at our institution.
In the present series, many patients had hereditary or bilateral CBT. It is likely that this is a consequence of the high prevalence of succinate-ubiquinone oxidoreductase subunit D (SDHD) gene mutations in our region, as described earlier. 28 SDHD gene mutations are well known to correlate with the existence or formation of multiple paragangliomas, including CBT. 28 This strongly advocates regular screening of the patients and their families for multiple paragangliomas. When bilateral CBT are found, we recommend to primarily resect the smaller CBT to increase the probability of preserving at least one functional branch of adjacent neurovascular structures.
In the present study, a subdivision has been added to the original Shamblin 2 classification. This allows a practical but more detailed indication of the surgical complexity. Quantitative indications of tumor size are not reported in these series due to a lack of data. Size details should be given in a 3-dimensional fashion, which should be the result of a reliable volume measurement. In future CBT surgery at our institution, this will be included in the protocol.
Unfortunately, the rarity of CBT hinders a proper comparison between techniques. Although we appreciate the potential bias in our study by virtue of its retrospective design and different study periods, it can be stated that the technique now used at our institution results in less intraoperative blood loss and fewer complications compared with contemporary studies as outlined in Table 5 .
Resection of CBT can lead to high morbidity and even mortality. In this report, which is the second largest series from a single institution published in literature, the progress in the surgical management of CBT has been described. After an alternative craniocaudal dissection technique, by which the feeding vessels are ligated first and the dissection is begun cranially and continued towards the bifurcation, a CBT can be completely resected with minimal blood loss, which facilitates the recognition of critical neurologic and vascular structures, and minimizes the risk of postoperative morbidity and mortality.
